Synergistic Effect of Binary Ligands on Nucleation and Growth /Size
Effect of Nanocrystals; Studies on Reusability of the Solvent
Introduction
The synthetic methods for preparation of CdSe nanocrystals (NCs) have improved over the past decade by optimizing the precursors, ligands and solvents. Since Peng's group (Peng 2001:183-192) used an alternative Cd source instead of an unstable, explosive, highly toxic and pyrophoric dimethyl Cd to prepare high quality cadmium chalcogenides, CdO has been widely used to prepare Cd chalcogenide NCs (Peng, 2001 :183-192, L. Qu 2001 :333-337, P. Reiss 2002 :781 and K. Yu 2004 . In these methods an additional preparation process of high temperature above 250 o C was employed for the Cd ions to bind to the ligand. However the expensive and toxic phosphine derivatives were still reported to be used as coordinating ligands in the above synthetic procedures. This often limited the production of QD's in organics to milligram quantities and the need for synthesis of CdSe NCs in phosphine free organics (W Li 2010 :1240038 and X Liu 2010 :2656 -2663 ) had gained importance. After a decade Peng's group (WW Yu 2002 :2368 reported the replacement of ligand, Trioctyl phosphine oxide (TOPO) by oleic acid and oleic acid was used as a capping ligand for the NCs in presence of a long chain alkene 1-octadecene (ODE) as a solvent. The capping agent's ability to avoid particle agglomeration and promote nucleation was an important aspect in such synthesis of arrested precipitation. In general phosphine free ligands like carboxylic acids (W Li 2010:1240038) , mercaptans and amines (X Liu 2010:265-263 ) that absorb quickly to bare particle surface to minimize the Vander wall's interactions and interactions within crystallites by steric hindrance and solvation forces were identified as efficient capping agents. Ligands which bind strongly to monomers as soluble complexes would enhance the rate of nuclei growth, but decrease the rate of nucleation. Contrarily if ligands bind to NCs surface to form insoluble surface precipitate, both the growth of nuclei and dissolution is kinetically hindered to form small sized and more numbered NCs. Hence a combination of two ligands (one of them being a phosphine ligand) was experimented by Van Embden et.al. for better yield and quality of NCs (JL Embden 2005:10226-10234 ).
The present study reports an unique combination of oleic acid (OA) and octadecyl amine (ODA) as a binary ligand system for optimization of nucleation rate (number), nuclei growth (size) and mono dispersity during a less hazardous and non organo-metallic routed (CdO as Cd precursor) NC synthesis. Oleic acid molecules are known to bind to Cd atoms while ODA molecules surround CdSe NCs as a dense layer due to their surface binding.
Further the choices of solvent for the synthesis of NCs is equally important, particularly for scaling up the production of NCs. CdSe NCs are currently available commercially, but are relatively expensive. Many research groups have reported ODE as an ideal solvent for a good nucleation and growth kinetics during NC synthesis, but ODE accounts to majority of material cost in preparing one batch of CdSe QD's. This has led to replacement of ODE by a combination of unsaturated oils like olive oil which is much cheaper (Sapra 2006:3391-3397) . This chapter discusses the use of a long chain alkane noctadecane (nOD) as solvent at relatively low temperatures (190°C-220°C). Attempts have also been made to replace ODE with alkanes (Washington 2008:8916-8924) , but study on feasibility of its reuse is new of its kind. The chapter demonstrates the use of this reusable solvent as a model solvent to replace the ODE for the synthesis of NCs, which may have a significant effect on prevention of the formation of unsaturated hazardous compounds. The work also aims to understand the effect of replacement of ODE by another heat transfer fluid n-octadecane with compatible properties like better -viscosity, heat capacity, boiling point, stability and melting point and reactivity as represented in Table 4 .1. The study of synthetic profiles which represented a set of NCs prepared by the proposed method and their characterization were necessary to substantiate the absence of any adverse effects on the quality of NCs obtained. 
Effect of nOD as Solvent
For any lyothermic reaction, the temperature required for the nucleation is and growth temperature (GT) with no adverse effect on NC's quality. Reduction in IT
and GT is one of the prominent observations in the above system, but it appears not to influence the NC size, shape or quality and was involved only in precursor activation and subsequent nucleation.
The well known 1-Octadecene although used as solvent in many such ligand mediated CdSe synthesis (P Riess 2002 , JL Embden 2002 and N Al Salim 2007 is very clearly one of the consumed molecule which cannot be reused. It is pertinent to mention the usage of TOP in the present study for preparation of selenium precursor. Selenium is insoluble in nOD unlike ODE, ODE reacts with Se, solution turns yellow in color and loses its double bond characteristics. It requires some amount of TOP to cause chelation.
However this limitation needs to be overcome and shall soon be done with a suitable chelating agent and communicated as a new set of study.
The nOD in reality has the ability to selectively heat molecular precursors without involving in the reaction. An effort is made to substantiate the same after the isolation of NCs from the crude NC solution; ODA was separated by freezing the crude NC solution,
followed by a wash with ethanol to eliminate OA and to collect back the used solvent. It is important to mention that the solvent nOD, being used for the GCMS and ATR IR analysis was the one recovered second time (obtained after reusing the first time recovered solvent for synthesis of second set of NCs). The GCMS data presented for the first time recovered ODE indicates high level of impurities/side reactions because of which the reusability of ODE was limited. Figure   4 .5b, depicts a number of peaks eluted at various retention times. The important peaks exclusively eluting at 3.24 min (3%) and 5.585 min (12%) corresponds to 7 methyl, 9
tridecadienylether and1-heptadecanol with m/z value of 210 and 256 respectively( Figure   4 .7) probably due to a metal ion catalyzed oxidation process resulting in an ether and alcohol. The other prominent peaks at 7.029 min (5.57%), 7.641 min and 8.031 min corresponding to the m/z value of 210 , 322 and 282 and are due to cyclopentadecane (a cyclic compound), 9-tricosene and 6 octadecenoic acid (5%) respectively and can be attributed to the process of fragmentation, cyclization, oxidation and hydrogenation caused due to unsaturation in the solvent. Hence the ODE mediated NC synthesis, is indicative of an additional amount of energy required for the bonding and debonding. However the intrinsic transformation mechanisms need more extensive investigations. Each set of NC synthesis requires 8 mL of nOD and 95% of nOD could be recovered (at our lab purification level) after the reuse.
Hence 8 sets of NC, each set containing 15 mg/ mL of NC can be synthesized, justifying the economic feasibility of its replacement. More importantly the harmful by-products and pungent enormous smoke due to unsaturated compounds released via ODE incorporated NC synthesis can also be avoided.
Optoelectronic Properties of Nucleation and Growth
Further study demonstrates the non compromise in the quality of CdSe NCs prepared by the proposed binary ligand and the reusable solvent. unsharp and indistinct peaks due to imperfect nuclei which can be termed as non formation of critical nuclei and the same can be observed in PL spectra. There were two other important observations that could be made from absorption spectra in Figure. 
Structural Analysis
The above optoelectronic study of the NCs synthesized by this binary ligand and saturated solvent had optimum nucleation, growth, concentration and monodispersity.
NCs were further analyzed for structural parameters such as crystallite structure, surface morphology and topology.
The XRD pattern of CdSe crystal motif in Figure 4 .10, depicted a wurtzite phase Contradictorily, the single ODA ligand results in enormous nucleated NCs giving island kind of structure and hardly any growth even after 100 sec ( b) with mean particle height of 3 nm. agglomeration may have added to increase in particle size and roughness with particle height being 4 nm and 6 nm respectively. HRTEM results substantiates the particle size to be ~4 nm ± 0.1 nm at t = 100 secs, indicating the influence of Ostwald ripening and agglomeration at later stages thus increasing the particle height to 6 nm as shown in AFM analysis. 
